The friction torque inside the high-speed spindle bearing determines the performance of the friction, wear, heat, temperature rise and life of the bearing. Aim to analyze the high-speed spindle bearing dynamic characteristics, considering the influence of cage and internal lubricating oil-film, a quasi-static improved model of high-speed spindle bearing was developed. And a new method for calculating the friction torque of the bearing based on the quasi-static improved model was put forward. Then the theory and experiment were validated systematically. The results show that the quasi-static improved model is correct, and the method of calculating the friction torque of high-speed spindle bearing based the quasistatic improved model is feasible and reliable.
Introduction
As important bearing parts for transmission and load, angular contact ball bearings are widely used in various high-speed rotating machines, such as high-speed spindle, Aircraft engines [1] . It is also known as the spindle bearing. Many scholars are committed to discuss appropriate analytical methods to study their dynamic characteristic and the stress state [2] [3] [4] . A. B. Jones [5] proposed an analytical method of quasi-static. Wang Liqin, Cui Li [6] [7] et al. used the bearing part interaction model to deduce the interaction force and torque calculation process of each part. P. K. Gupta [8] [9] proposed a bearing dynamic analysis model under arbitrary operating conditions.
In the above research, simulation conditions of dynamic analysis model are too large, the calculation is too large and the calculation process is prone to divergence. Regarding quasi-dynamic analysis model, the consideration of the factors is difficult to complete and the calculation accuracy is difficult to improve. As for quasi-static model, the calculation results are very consistent with the engineering practice [10] . However, the existing quasi-static model does not take into account the role of the cage and the impact of lubricating oil film. So, the application of quasi-static analysis model has been limited. Therefore, it is necessary to take into account the impacts of factors such as cage, lubricating oil film and other factors to establish a quasi-static improved model.
Friction torque is one of the key parameters. There are two main methods for calculating the friction torque of the bearings: The first one is Palmgren's [11] method of calculating the friction torque. It is also known as integral method; The second calculation method of friction torque proposed by Deng Si'er and Li Xinglin [12] . It is called the local method. The above two methods are difficult to combine the changes of the specific working conditions and the internal force of the bearing, it is difficult to meet the needs of actual project.
In this paper, a new method based on quasi-static improved model is proposed to analyze and calculate the friction moment of the bearing, the theoretical analysis and experimental research are carried out. It provides theoretical basis for the design, manufacture and use of high-speed spindle bearings to improve the overall performance and reliability of high-speed rotary machines.
A Model of Quasi-Static Improved of Bearing

Geometric relationship of the bearing in the presence of oil film
Bearing's structure is shown as figure 1 . The existence of lubricating oil film will reduce the elastic deformation between the rolling element and the ring raceway [13] . Taking lubrication oil film into consideration, the position about the center of the ball and the curvature of the ring channel before and after bearing being loaded at the angular position j is shown in figure 2 . 
where, (A1j，A2j) is coordinate of the inner ring groove center of curvature relative to the outer ring groove center, (X1j，X2j) is the coordinate of the outer ring groove center relative to the center of the sphere, hej、hij are center film thickness between the ball and the outer ring or inner ring respectively, fi, fe are radius of ring groove, Dw is diameter of ball.
Ball's force analysis model
According to the interaction about each part of the bearing, the force situation of the ball is analyzed. The state of ball suffered force is shown in figure 3 , where,
Mzgj、Fcj are the gyroscopic torque and centrifugal force respectively, Qi(e)j is the normal contact load between the ball and the raceway, Fi(e)tηj、Fi(e)tξj are drag forces on the contact ellipse's long and short axis respectively, fRi(e)ξj is the hydrodynamic frictional force between the ball and the raceway contact inlet area, Fdj is the viscous resistance of the oil-gas mixture to the rolling body, Fbcj, fbcj are the normal contact forces and tangential friction between the cage hole and the rolling body, respectively. By analyzing force of the ball, it can conclude that the force balance equation of the ball shown as follows: 
Cage force analysis model
For high-speed spindle bearings, the outer ring guides the cage generally. The movement between the ring guide surface and the cage guide surface can be seen as a special case of a journal bearings, as shown in figure 4 , 
Inner ring's force analysis model
The reaction forces of the inner ring include radial loads Fy、 Fz, axial loads Fx and moment loads My、 Mz, as shown in figure 6 . For the forces and moments acting on the inner ring to be in equilibrium as follows: Figure 6 . The interaction between the ball and the inner race 
Using Newton-Raphson iterative method to solving positional relationship equations, the balance equations of ball, cage stress and inner force simultaneously, force situation of all parts will be obtained finally.
Model Solving and Verification
Using fortran language to simulate and analyze and taking experimental bearing of the paper [14] as example, the initial axial preload is 889.84N and the rotating speed is 15000 r/min. Through fortran language computer program, the model of quasi-static improved was calculated and simulated. Compared with the results of Jones quasi-static model and Gupta's kinetic model, the results are shown in table 1. As shown in table 1, the calculation results of this improved model are basically similar to the existing quasi-static model of Jones. However, due to the effect of cage and lubricant film, the contact angle and contact load have some differences with the existing quasi-static model. The simulation results are basically consistent with results of Gupta kinetic model and the results of paper [14] . The results show that the quasi-static improved model is correct and credible.
Bearing Friction Torque Model
The friction moment is result of the friction forces of all the contact parts inside the bearing. Because the overall bearing is in a state of stress equilibrium, the role of the ball and the inner raceway reflect the role of all balls and cage and the role of all balls and the outer rings. Therefore, the friction between balls and the inner ring can reflect the bearing internal stress situation. The force of all balls acting on the inner ring multiplied by the distance from the stress point to the center axis of the bearing rotation is the friction torque, as shown in figure 7.
Figure 7. Schematic diagram of the ball on the role of the inner raceway
The bearing friction torque is:
where，i is the distance from the stress point to the bearing center line. Taking a manufacturer's B7006C angular contact ball bearing as an example, the influences of different working conditions on the bearing friction torque are analyzed. The bearing is lubricated with oil, the oil is 4109 aviation lubricant. Calculated results shown in figure 8, figure 9 and figure 10 . figure 9 and figure 10, when axial load and speed increase, the bearing friction torque increase significantly. The viscous resistance inside the pressure oil film increases, because of squeezing and shearing of the oil film, the energy consumed increases. And the radial load has a relatively small influence on the friction torque of the bearing.
Related Experiments
Experimental Test Principle
In this paper, the method of balancing torque [15] [16] is adopted. The friction moment test system is shown in figure 11 . Device physical picture is shown in figure 12 . Two sets B7006C/P4 bearings mounted on the extension end of drive spindle shaft in back to back way. The inner and outer spacers and the elastic wave ring are used to provide axial preload to the bearing. The weight provide radial preload.
A sleeve with a pressure rod on it is mounted on the outer ring of the tested bearing. When the electric spindle drives the inner race to rotate in the clockwise direction, the outer race and the sleeve will tend to rotate in the same direction due to the friction force and friction torque. The pressure rod on the sleeve will press against the pressure sensor fixed on the bracket. The pressure measured by pressure sensor is Fl. Fl multiplied by the distance from force point to the bearing center of rotation and divided by 2 is the equivalent friction torque. where, Mf is rolling bearing friction torque, Fl is measured tensile values, Ll is distance from test point to centre of axis, the value of it is 55mm. cannot be ignored, the quasi-static model cannot analyze friction torques and other important parameters, so that its usage is limited.
Test results analysis
Conclusion
(2) Based on the quasi-static analysis method, considering the effect of the cage and the influence of lubricating oil film inside the bearing, the quasi-static improved model is more correct and more in line with the actual engineering.
(3) Based on the quasi-static improved model, the proposed method of analyzing the bearing frictional moment is correct and feasible, which is more in line with engineering practice.
